Effect of strong magnetic fields on the pasta phase structure by de Lima, Rafael Camargo Rodrigues et al.
ar
X
iv
:1
30
7.
55
75
v3
  [
nu
cl-
th]
  9
 Se
p 2
01
3
Effect of strong magnetic fields on the pasta phase structure
R. C. R. de Lima,1 S. S. Avancini,2 and C. Provideˆncia3
1Depto de Matema´tica, CCT, Universidade do Estado de Santa Catarina, Joinville, SC, 89219-710, Brazil
2Depto de F´ısica, CFM, Universidade Federal de Santa Catarina, Floriano´polis, SC, CP476, 88040-900, Brazil
3Centro de F´ısica Teo´rica, Dep. de F´ısica, Universidade de Coimbra, 3004-516, Coimbra, Portugal
(Dated: October 16, 2018)
The effect of strong magnetic fields on the properties of the pasta structures is calculated within a
Thomas Fermi approach using relativistic mean field models to modulate stellar matter. It is shown
how quantities such as the size of the clusters and Wigner-Seitz cells, the surface tension and the
transition between configurations are affected. It is expected that these effects may give rise to large
stresses in the pasta phase if the local magnetic field suffers fluctuations.
PACS numbers: 21.65.-f 21.65.Ef 26.60.-c 97.60.Jd
I. INTRODUCTION
In the bottom of the inner crust of proto-neutron and
neutron stars, where the transition to the homogeneous
core matter occurs, it is expected the existence of a spe-
cial matter known as pasta phase. This phase is a frus-
trated system that arises in the competition between the
strong and the electromagnetic interactions [1–6]. The
basic shapes of these structures were named according to
their geometry, droplets (bubbles), rods (tubes) and slabs
for three, two and one dimensions, respectively [1], and
the ground-state configuration is the one that minimizes
the free energy.
The pasta phase has been studied within the Thomas
Fermi approximation at zero and finite temperature
within different parametrizations of the relativistic non-
linear Walecka model [7] and of the density-dependent
hadronic model [8, 9, 11].
It is known that magnetars, neutron stars with very
strong magnetic fields of the order of 1014 − 1015 G at
the surface, are sources of very energetic electromagnetic
radiation, mainly gamma and X rays [12–14]. Presently,
more than 20 of these objects have been detected, most
of them as soft gamma repeaters (SGRs) and anomalous
X-ray pulsars (AXPs) [15]. It is not clear how strong
is the magnetic field in the interior but several studies
seem to indicate that fields stronger than 1018 G are
not allowed. According to the scalar virial theorem [16]
the interior magnetic field strength could be as large as
B ∼ 1 − 3 × 1018 G. Similar values were obtained in
[17] from general relativistic magneto-hydrostatic calcu-
lations, or in [18] were the vanishing of the pressure paral-
lel to the field restricts homogeneously distributed fields
to intensity below 1019 G.
In the present study we investigate the effect of the
magnetic field on the pasta structure. In [19] a simple
expression, dependent on two parameters and the mag-
netic field intensity at the surface, was proposed to modu-
late the magnetic field with density. Taking this expres-
sion as reference and fields that are not stronger than
∼ 1−3×1018 G in the interior we may expect that fields
of the order 1017 G could exist in the inner crust of the
star. We consider fields in the range 1016 − 1018 G.
The present study is organized in the following way:
in section II the formalism are presented, in section III
results are discussed and the main conclusions are drawn
in section IV.
II. FORMALISM
We describe the nuclear matter at the inner crust
within a relativistic mean-field (RMF) approach, in
which the nucleons interact via the exchange of mesons.
The exchanged mesons are the isoscalar- scalar and vec-
tor mesons (σ and ω, respectively) and the isovector me-
son (ρ). We consider a system of protons and neutrons
with mass M interacting with and through an isoscalar-
scalar field φ with mass ms, an isoscalar-vector field V
µ
with mass mv, an isovector-vector field b
µ with mass
mρ. We also include a system of electrons with mass
me to obtain a charge neutral system. Protons and elec-
trons interact through the electromagnetic field Aµ.The
Lagrangian density reads:
L =
∑
i=p,n
Li + Le + Lσ + Lω + Lρ + Lγ , (1)
where the nucleon Lagrangian reads
Li = ψ¯i[γµiD
µ −M∗]ψi, (2)
with
iDµ = i∂µ − gvV
µ −
gρ
2
~τ · bµ − e 1+τ3
2
Aµ, (3)
M∗ = M − gsφ, (4)
and the electron Lagrangian is given by
Le = ψ¯e[γµ(i∂
µ + eAµ)−me]ψe , (5)
2and the meson Lagrangian densities are
Lσ =
1
2
(∂µφ∂
µφ−m2sφ
2 −
1
3
κφ3 −
1
12
λφ4) , (6)
Lω =
1
2
(
−
1
2
ΩµνΩ
µν +m2vVµV
µ +
1
12
ξg4v(VµV
µ)2
)
(7)
Lρ =
1
2
(−
1
2
Bµν ·B
µν +m2ρbµ · b
µ) , (8)
Lγ = −
1
4
FµνF
µν , (9)
where the tensors are given by
Ωµν = ∂µVν − ∂νVµ , (10)
Bµν = ∂µbν − ∂νbµ − gρ(bµ × bν) , (11)
Fµν = ∂µAν − ∂νAµ . (12)
The parameters of the model are: the nucleon massM ,
three coupling constants, gs, gv, and gρ, of the mesons
to the nucleons, the electrons mass me, the masses of
the mesons ms, mv, mρ, the electromagnetic coupling
constant e =
√
4π/137, and the self-interacting coupling
constants κ, λ, and ξ.
We use the sets of constants proposed for parametriza-
tions NL3 [20], and TM1 [21, 22]. The nuclear matter
properties provided by these sets of parameters are dis-
played in Table I. Both parametrizations have been fitted
to the ground-state properties of stable and unstable nu-
clei. TM1 includes a quartic term involving the ω-meson
which allows for a softer equation of state at larger den-
sities. Both models have a symmetry energy slope at
saturation that is presently considered too high. Never-
theless we have considered these two models as reference
since they have been widely used and we expect that the
general features obtained with these models will be valid
for other models.
We will not consider the effect of the anomalous mag-
netic moment because its effect is only important for
magnetic fields stronger than the ones considered in the
present study, [23, 24].
TABLE I: Nuclear matter properties of NL3 and TM1.
NL3[20] TM1[22]
ρ0(fm
−3) 0.148 0.145
M∗/M 0.60 0.634
σ(Yp = 0.3) (MeV/fm
2) 0.481 0.492
σ(Yp = 0.5) (MeV/fm
2) 1.123 1.077
III. THE THOMAS-FERMI APPROXIMATION
From the Euler-Lagrange formalism, we obtain from
eq.(1) the coupled equations of motion for the scalar,
isoscalar-vector, isovector-vector, electromagnetic, and
nucleon fields. For a static system only the zero com-
ponents of the vector fields and currents will be present
and due to charge conservation only the third component
of the ρ-field remains. Therefore, the equations of motion
in the RMF approximation become:
(−∇2 +m2s)φ(r) = gsρs(r)−
1
2
κφ2(r) −
1
6
λφ3(r) ,
(13)
(−∇2 +m2v)V0(r) = gvρB(r) −
1
3!
ξg4vV
3
0 (r) , (14)
(−∇2 +m2ρ)b0(r) =
gρ
2
ρ3(r) , (15)
−∇2A0(r) = e(ρp(r)− ρe(r)) , (16)
where ρB is the baryonic density, ρ3 is the isospin den-
sity, ρp, ρn, and ρe are the proton, neutron, and electron
densities, and ρs is the scalar density. These quantities
are given by
ρB(r) = ρp(r) + ρn(r) = < ψˆ
†ψˆ > ,
ρ3(r) = ρp(r) − ρn(r) = < ψˆ
†τ3ψˆ > ,
ρs(r) = ρsp(r) + ρsn(r) = <
ˆ¯ψψˆ > ,
ρe(r) = < ψˆ
†
eψˆe > , (17)
where 〈〉 stands for the expectation values of the field
operators.
The nucleon field operators ψˆ† and ψˆ are expanded in
a single particle basis which for infinity nuclear matter in
the mean field approximation are plane wave states since
the system is translationally invariant. In this work, as
usual, the negative energy states will be neglected (no-sea
approximation). We assume that matter consists of neu-
trons, protons and electrons in a strong external homo-
geneous magnetic field B in the z-direction. The gauge
is fixed defining the 4-vector:
Aµ = (0, 0, Bx, 0) , (18)
where we have B=B zˆ and ∇ · A=0. At zero temper-
ature all particle densities are calculated by occupying
all single-particle levels in the positive energy Fermi sea
until the Fermi level. These single-particle levels are so-
lutions of o Dirac equation where the motion is free along
the B field direction and quantized in the plane perpen-
dicular to the field, yielding the Landau quantization[25].
The energy dispersion relations for charged particles are
modified by the presence of the strong magnetic field[24]
which breaks the rotational symmetry and for the proton
and electron are given by:
ǫp =
√
p2z + m˜
2
p + gvV0 +
1
2
gρb0 + eA0 , (19)
ǫe =
√
p2z + m˜
2
e − eA0 , (20)
where
m˜2p = M
⋆2 + 2νpeB ,
m˜2e = me
2 + 2νeeB, (21)
3νi = (n+
1
2
−
1
2
qi
|qi|
σz) , i = p, e , νi = 0, 1, 2... (22)
where σz = ±1 is the spin component along the magnetic
field direction, n=0,1,2..., qi with i=p, e stands for the
electric charge of the proton and electron respectivelly
and νi, i=p, e is called the Landau level. Note that the
spin degeneracy is 1 for the ν=0 Landau level and 2 for
ν > 0. Therefore, the modified density of states for a
spin-1/2 charged particle becomes:
2
∫
d3p
(2π)3
→
∑
σz=±1
∞∑
n=0
∫
eB
(2π)2
dpz =
∞∑
ν=0
gν
∫
eB
(2π)2
dpz ,
(23)
where gν = 1 for ν=0 and 2 for ν > 0. For zero tem-
perature and charged particles, the number and energy
densities read:
ρi =
eB
2π2
νmax∑
ν=0
gνp
i
F,ν , i = p, e (24)
ǫi =
eB
(2π)2
νmax∑
ν=0
gν
[piF,νε
i
F + m˜
2
i ln(
piF,ν + ε
i
F
piF,ν
)] , (25)
where, piF,ν ,i = p, n, is the Fermi momentum associated
with the level with quantum number ν and εiF is the
corresponding Fermi energy (or effective chemical poten-
tial). The Fermi momenta for the proton and electron
are given by:
ppF,ν = ((ε
p
F )
2 − (M⋆)2 − 2νpeB)
1
2 (26)
peF,ν = ((ε
e
F )
2 −m2e − 2νeeB)
1
2 , (27)
and the condition piF,ν ≥ 0 sets an upper limit, νmax, in
the summations.
νmax =
[
(εpF )
2 − (M⋆)2
2eB
]
, proton
νmax =
[
(εeF )
2 −m2e
2eB
]
, electron , (28)
where [x] means the largest integer smaller or equal
to x. For the neutron, one obtains the standard
expressions[26],
ρn =
(pnF )
3
3π2
ǫn =
1
8π2
[
2pnF ε
n 3
F −M
⋆2pnF ε
n
F
− M⋆4 ln(
pnF + ε
n
F
M⋆
)
]
. (29)
In the Thomas-Fermi approximation in close analogy to
the density functional formalism, we assume that the
meson fields are sufficiently slowly-varying so that the
baryons are considered to be moving in locally constant
fields. Therefore, locally the densities are calculated by
plane waves instead of the true position dependent single
particle states. Hence, we obtain the density of nucleons
described by a Fermi gas with position dependent Fermi
momentum. Energy and particle densities become posi-
tion dependent and the Thomas-Fermi equations at T=0
are obtained from the extremization of the functional,
Ω = ETF −
∑
i=p,n,e
µi
∫
d3r ρi(~r) , (30)
as a function of the Fermi momenta (or equivalently func-
tion of the densities) in a complete analogy with the
density functional method. The Lagrange multipliers
µi, i = p, n, e are introduced in order to fix the number of
particles due to species conservation. The Thomas Fermi
energy is given by
ETF =
∫
ǫ(~r) d3r (31)
where
ǫ(~r) =
∑
i=p,n,e
ǫi(~r) +
1
2
e(ρp − ρe)A0(~r) + gv(ρp + ρn)V0(~r)
+
1
2
gρ(ρp − ρn)b0(~r) +
1
2
[(~∇φ)2 +m2sφ
2]
+
κ
3!
φ3 +
λ
4!
φ4 −
1
2
[(~∇V0)
2 +m2vV
2
0 ]
−
1
4!
ξg4vV
4
0 −
1
2
[(~∇b0)
2 +m2ρb
2
0]−
1
2
[(~∇A0)
2 −B2] .
(32)
From the condition of extremum one obtains the
Thomas-Fermi equations:
µp =
√
ppF,ν(~r)
2
+ m˜p(~r)
2
+ gvV0(~r) +
1
2
gρb0(~r) + eA0(~r) , (33)
µe =
√
peF,ν(~r)
2 + m˜2e − eA0(~r) , (34)
µn =
√
pn 2F (~r) +M
⋆(~r)2 + gvV0(~r)−
1
2
gρb0(~r)(35)
In order to describe the properties of the inhomogeneous
(pasta) phase we use the Wigner-Seitz approximation
where the matter consisting of neutrons, protons and
electrons is considered to be inside of a neutral Wigner-
Seitz cell and the interaction between cells is neglected.
Other important quantities in the study of the npe
nonuniform matter are the root mean square radius
< ri >≡
√
r¯2i , where
r¯2i =
∫
r2ρi(r) r
ddr/
∫
ρi(r) r
ddr , (36)
where i = n, p, e, and d = 0, 1, 2 for slabs, rods or droplets
respectively; the neutron skin thickness given by
Θ =< rn > − < rp > , (37)
4and the surface energy defined as [10, 11]
σ =
∫ ∞
0
dr
[(
dφ0
dr
)2
−
(
dV0
dr
)2
−
(
db0
dr
)2]
. (38)
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FIG. 1: (Color online) Energy per particle homogeneous npe
neutral matter (HM) with Yp = 0.3 vs density for diferent
values of the magnetic field intensity. The calculation was
performed with the NL3 parametrization. For comparison
the energy per particle obtained for the pasta phase (PP)
calculation with B = 2× 1017G is also included.
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FIG. 2: (Color online) Free energy per particle (left) and
surface energy (right) for the NL3 parametrization and
Yp = 0.3 at the droplet-rod transition (a,b) and the bubble-
homogeneous transition (c,d). The calculations were per-
formed for diferent values of the magnetic field intensity (B).
The B units are 1017G. Here the free energy is the energy
itself as the system is assumed at temperature T = 0.
IV. RESULTS AND DISCUSSIONS
In the following we discuss the effect of the magnetic
field on several properties of the pasta clusters. We will
consider electrically neutral matter with a fixed fraction
of protons. For most of the examples we consider the
fraction Yp = 0.3 a reference value in supernova matter
or proton-neutron matter, but we will also show results
for Yp = 0.1 a typical value of β-equilibrium neutron star
matter. The magnetic field is along the rods’ axis in the
rod geometry, and for the slab geometry in a direction
perpendicular to the slab thickness.
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It has been shown previously that Landau quantiza-
tion softens the equation of state (EOS) due to the large
degeneracy of the Landau levels [24, 27]. Therefore, we
expect that the free energy per particle will decrease in
the presence of an external strong magnetic field. This
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FIG. 7: (Color online) Results in the pasta cluster for Yp =
0.1: (a) Dripped neutron fraction; (b) proton fraction.
is illustrated in Fig. 1 and Fig. 2, where the free en-
ergy per particle is given as a function of the density
for different values of B. The homegenous matter free
energy per particle is plotted as function of the density
for different values of the magnetic field, (Fig. 1). For
reference. we include in this same figure the results ob-
tained within a pasta phase calcualtion for B = 2× 1017
G, indicating that the free energy is lower and there-
fore, that this configuration is favored. We conclude that
the free energy per particle decreases when the magnetic
field intensity increases and that in this range of densi-
ties non-homogeneous matter is favoured. For the pasta
calculation (Fig.2), two density ranges have been chosen:
densities close to the drop-rod transition and the bubble-
core transition. For B = 5 × 1016 G, the effect, of the
order 0.01%, is negligible. However, for B = 2 × 1017 G
the free energy is 2% lower than for magnetic field free
configurations. At the configuration transition the free
energy is continuous, however, the surface energy defined
by eq. (38) suffers a jump. At the crust-core transition
it goes to zero while at the drop-rod transition it suffers
a small decrease. This discontinuity is possibly not due
to the presence of a magnetic field but to the limitation
of the calculation that only considers configurations with
well defined symmetries while intermediate geometries
and shapes are expected to exist [28, 29]. However, the
magnetic field may change the transition density. This
does not show a systematic trend, reflecting the filling
of Landau levels and suffering a larger effect for larger
magnetic fields.
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FIG. 11: (Color online) Neutron skin thickness for NL3 and
Yp = 0.3 for densities close to the drop-rod transition: (a)
droplet geometry; (b) rod geometry.
In Fig. 3 the transition densities between the geome-
tries droplet-rod (left), tube-bubble (right) are plotted as
a function of the field intensity. The transition density
between different geometries suffers fluctuations that can
be as high as 5% when the field changes between 1017 G
and 1018 G. However, taking fields not larger than 2×1017
the effect on the transition between geometries is a re-
duction of the transition density not be larger than 1.5%.
An increase of the binding energy between the nucleons
gives rise to a larger surface energy, which may affect the
pasta structure namely the radius of the clusters, the
crust-core transition and the transition between different
configurations. Moreover, Landau quantization may also
gives origin to large fluctuations. In Fig. 4 the surface
energy plotted for parametrizations NL3 and TM1 and a
proton fraction Yp = 0.3 for a slab configuration at ρ =
0.06 fm−3 as a function of the magnetic field intensity.
The main trend is an increase of the surface energy with
the magnetic field. For a field of the order of 1018 G,
which probably is already too strong in the inner crust,
the surface energy is 20% larger when compared with the
no field case. A 2× 1017 G field gives rise to an effect 10
times smaller, of the order of ∼ 2%. These conclusions
are confirmed by the top right panel of Fig. 2 where the
surface energy is plotted as a function of the density at
the drop-rod transition.
In Fig. 5 results for the bubble configuration, including
the Coulomb interaction self-consistently, are plotted in-
cluding the surface energy, and the radius of the Wigner
Seitz cell. These results were obtained for NL3 with the
proton fraction Yp = 0.3 at ρ = 0.095 fm
−3. As already
discussed before, there is a clear increase of the surface
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FIG. 12: (Color online) Density profile in the Wigner-Seitz
cell for the bubble geometry, NL3 parametrization, proton
fraction Yp = 0.3 and baryonic density ρ = 0.095 fm
−3 (left)
and ρ = 0.0995 fm−3 (right): (a,b) neutrons; (c,d) protons;
(e,f) electrons.
energy with the magnetic field intensity which can be as
large as 50% for B = 3 × 1018 G. Small fluctuations of
the surface energy reflect themselves on the Wigner Seitz
cell radius and total nucleon number inside the cluster.
These effects are more dramatic above B = 1018 G, but
at B ∼ 2× 1017G effects of 5-10% are already expected.
In Fig. 6 the surface energy is plotted for densities
below the drop-rod transition, and two proton fractions
Yp = 0.3 and 0.1. For the larger proton fraction we get a
behavior similar to the one previously discussed, namely
an increase of the surface energy with the increase of the
field strength. The surface energy is larger for the smaller
densities because clusters are smaller and the neutron
dripped gas is smaller. Decreasing the proton fraction
to Yp = 0.1 this last feature is still present (see Fig. 7),
however, the surface energy suffers a small decrease for
fields below 1018G and only increases for stronger fields.
In Fig. 8 are shown the density profiles of the configu-
rations used to calculate the surface energy for both pro-
ton fractions: for Yp = 0.3 the thickness of the droplet
surface decreases with B, while for the Yp = 0.1 there
is an increase of the surface thickness from 1017 G to
5 × 1017G followed by a decrease for still larger fields.
The number of Landau levels filled with the proton and
electron distributions for each field are given in Fig. 9. A
smaller number of levels is involved for the smaller pro-
ton fraction, and, therefore, Yp = 0.1 is more sensitive
to strong magnetic fields. The calculation of the surface
energy reflects the size of the cluster, its proton fraction
and the interaction between particles. For Yp = 0.3 the
7size of the cluster is pratically not affected as seen in
Fig. 8, and, therefore, σ will essencially give information
about the binding between particles. On the other hand,
Fig. 8 shows that if Yp = 0.1 the neutron distribution is
quite affected by the interaction change the protons feel
in the presence of the magnetic field. On the whole for
weaker fields the surface energy decreases with B. For
the larger magnetic fields no neutrons drip out and the
proton fraction of the droplet becomes 0.1. This very
small fraction of protons favors smaller droplets, because
a large asymmetry term reduces the stability of the clus-
ters.
In fact, increasing the magnetic field intensity changes
the structure of the droplet pasta phase for a proton frac-
tion Yp = 0.1 eliminating completly the neutron dripped
gas (see Fig. 7) and making the clusters less proton rich.
A direct consequence is the transition to the rod geome-
try driven by magnetic field.
In Fig. 10 the average radius of the distribution of
neutrons and electrons inside a spherical cluster is plotted
for a set of densities close to the droplet-rod transition
calculated according to eq. (36). The main effect of the
magnetic field shows itself on the neutron distribution
with an average radius that decreases with B. Due to
an increase of the surface energy neutrons do not drip
so easily and, therefore, the number of neutrons outside
the cluster is smaller. Electrons are particularly sensitive
to magnetic fields as strong as 1017-1018 G due to their
small mass. The filling of Landau levels gives rise to the
fluctuations shown on the right panel of Fig. 10. This is
a manifestation of the De Haas-van Alphen effect.
It is seen that the distribution of electrons is not flat
and a self-consistent calculation that takes into account
correctly charge distribution will be affected by the mag-
netic field. In particular, the rearrangement of the proton
distributions will give rise to smaller proton fractions at
the cluster center and smaller neutron-skins. The effect
on the neutron-skins is seen in Fig. 11 where the neutron
skin thickness calculated with NL3 for Yp = 0.3 and den-
sities close to the drop-rod transition, according to eq.
(37), is plotted. There is a decrease of about 3-4% when
the field increases from 5 × 1016 to 2 × 1017 G. Above
B = 1017 G the oscillations present are a consequence of
the Landau quantization of the proton energy levels.
We next analyse the effect of the magnetic field on the
crust-core transition.
The evolution of the Wigner Seitz radius and particle
distributions inside the cell with the magnetic field is
plotted in Fig. 12 for two bubble configurations, at ρ =
0.095 and 0.0995 fm−3, the second one close to the crust
core transition. For 1017 < B < 1018 G and ρ = 0.095
fm−3, the variation of RWS is small and becomes more
pronounced for stronger fields. However, it is clearly seen
the effect of B on the surface energy which gives rise
to a narrower surface thickness, larger central densities,
and smaller tails at the bubble center. This is true for
both neutrons and protons. As expected due to their
much smaller mass, the electron distributions are more
 0.098
 0.099
 0.1
 0.101
 0.102
 0.103
 2  3 0.1  1
ρ t
(fm
-
3 )
B(1018G)
FIG. 13: (Color online) Transition density at the bubble-
homogeneous matter, for NL3 Yp = 0.3.
sensitive to the field intensity.
The density ρ = 0.0995 fm−3 is very close to the crust-
core transition, and the filling of the Landau levels may
dictate that for a given B the transition to the core has
already occured (B = 6.8 × 1017 G) while for other in-
tensities a more pronounced bubble occurs with smaller
electron densities in the center of the bubble ( B ∼ 1018
G). For B = 3 × 1018 G a configuration very close to
the crust-core transition occurs. The transition density
to the homogeneous phase suffers essentially an increase
that will be of 1% for 2 × 1017 G and can go up to 5%
for B = 1018 G, see Fig. 13.
Magnetic field fluctuations may give rise to non-
equilibrium configurations that will tend to evolve in time
to equilibrium configurations originating inner tensions
that could give rise to star-quakes and bursting activity
of magnetars.
V. CONCLUSION
In the present study the effect of the magnetic field
on the pasta phase calculated within a Thomas Fermi
formalism has been discussed. Nuclear matter was de-
scribed mostly by the RMF parametrization NL3 and
proton fractions of 0.3 and 0.1 were considered.
Our main aim was to determine how the magnetic field
could affect the free energy per particle, the radius of
the Wigner Seitz cells, the cluster properties, and the
transitions between different configurations, or the crust-
core transition. Most of the calculations were done for
fields below 1018 G, although, in order to estimate upper
limits, some of the calculations were pushed to 3 × 1018
G.
It is known that the pasta phase is a frustrated system
that results from the competition between the Coulomb
and the surface energy. It is, therefore, expected that
this phase will be affected by a strong magnetic field.
Charged particles in a magnetic field suffer the Landau
quantization which gives rise to a decrease of the free
energy per particle due to the large degeneracy levels in
8the direction perpendicular to the field, and, therefore,
to an increase of the surface energy. The surface thick-
ness of clusters will be thinner, the inner densities larger
and, since neutrons will not drip off so easily, a smaller
number of particles will occur in the background gas.
We have also shown that the transition between differ-
ent configurations or crust-core will be affected although
in an irregular way. Fluctuations of the magnetic field
may give rise to inner stresses that oblige the system
to evolve to an equilibrium configuration and originate
bursting activity of magnetars.
In the present work was just exploratory and a more
careful study should be done that uses models with
a symmetry energy that satisfies experimental con-
straints and considers smaller proton fraction, namely
β-equilibrium stellar matter. A study of the stress devel-
oped on these structures should also be performed.
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